(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property 
Organization 
International Bureau 




(43) International Publication Date (10) International Publication Number 

12 February 2004 (12,02,2004) PCT WO 2004/012583 A2 



(51) International Patent Classification^: 



A61B 



(21) International Application Number: 

PCTAJS2003/024367 

(22) International Filing Date: 1 August 2003 (01.08.2003) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 

60/400,151 



1 August 2002 (01 .08.2002) US 



(71) Applicant (for all designated States except US)i THE 
GENERAL HOSPITAL CORPORATION [US/US]; 32 
Fruit Street, Boston, MA 02114 (US). 

(72) Inventors; and 

(75) Inventors/AppUcants (for US only): LEVINE, Robert, 

A. [US/US]; 60 Longwood Avenue, #1010, Brookline, MA 
02446 (US). MESSAS, Emmanuel [FR/FR]; 9 ter rue do 
Boulainvilliers, F-75016 Paris (FR). 

(74) Agents: COHEN, Jerry et al.; Perkins, Smith & Cohen, 
LLP, One Beacon Street, Boston, MA 02108 (US). 



(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC, EE, ES, FT, GB, GD, GE, GH, 
GM, HR. HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, 
LK. LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, 
MX, MZ, NI, NO, NZ. OM, PG. PH, PL, PT, RO, RU. SC, 
SD, SB, SG, SK, SL, SY, TJ. TM, TN, TR, XT, TZ, UA, 
UG, US. UZ. VC, VN. YU, ZA. ZM, ZW. 

(84) Dedgnated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW. MZ. SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE, 
ES, n, FR, GB, GR, HU. IE. FT, LU, MC, NL, PT, RO, 
SB, SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM, 
GA, GN. GQ, GW, ML, MR. NB, SN, TD, TG). 

Published: 

— without international search report and to be republished 
upon receipt of that report 

For two- letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gaziette, 



(54) Title: CARDIAC DEVICES AND METHODS FOR MINIMALLY INVASIVE REPAIR OF ISCHEMIC MITRAL REGUR- 
GITATION 



fS 

< 

00 
IT) 




(57) Abstract: Novel apparatus and minimally invasive methods to treat atrioventricular valve regurgitation that is a result of teth- 
Q ering of chordae attaching atrioventricular valve leaflets to muscles of the heart, such as papillary muscles and muscles in the heart 
^ wall, thereby restricting the closure of the leaflets. Catheter embodiments for delivering and positioning chordal severing and elon- 
^ gating instruments are described. 



wo 2004/012583 



1 



PCTAJS2003/024367 



CAKDIAC DEVICES AND METHODS FOR MINIMALLY INVASIVE REPAIR 
OF ISCHEMIC MITRAL REGURGriATION 

yield oythelpvention 

The present invention relates generally to devices (f.^., articles of manufacture, apparatus, 
systems, instruments) and methods for treating heart disease and, in particular, to devices 
and methods for minimally invasive repair of mitral valve regurgitation occurring in the 
context of cardiac pump dysfunction. 

Background of the Inveation 

"With reference to Figure 1 A, the heart's mitral valve 2, comprised of an anterior leaflet 4 
and a posterior leaflet 6, is the inlet valve to the main heart pumping chamber (left 
ventricle 8), and is forced to close when the ventricle contracts, preventing backward flow 
of blood. To ensure ttiat this valve does not prolapse backward when the heart contracts, 
the leaflets 4,6 are restrained by a network of tendinous chords 10 that are anchored to the 
posterior wall 12 of the heart to prevent such prolapse. Two papillary muscles 14 (one 
shown in the figure) serve as anchoring stmctures. 

Patients with coronary artery disease and insufficient blood supply to the heart muscle 
(e.g,, ischemic heart disease and heart attack) often develop regurgitation of the mitral 
valve 2, /.e. leakage or back-ward flow of blood such as indicated by arrow 16 in Figure 
tB, Regurgitation also occurs in patients with weakened heart muscle (cardiomyopathy) 
and/or global contractile dysfunction. Such regurgitation limits exercise capacity by 
reducing forward blood flow to the body and overloadiDg the lungs, causing fatigue and 
shortness of breath as cardinal manifestations of heart failme; if unrepaired, regurgitation 
also doubles the late mortality after heart attack and coronary arteiy bypass surgery. 

Such fimctional mitral regurgitation (MR) fundamentally relates to dysftinction of the 
ventricle 8, since the leaflets 4,6 are structurally normal. Damaged heart muscle bulges or 
expands outward, as indicated, for example, in the direction indicated by arrow 20. When 
this process affects the wall segmrat 5 underlying the papillary muscles 14, the tefliered 
leaflets 4,6 are displaced as well, restricting their ability to close effectively, so that 
regurgitation results. 

Current therapy for functional MR involves reducing the size of the mitral annulus, the 
structure to which the mitral leaflets insert. Aimular reduction, however, is often 
ineffective because it does not correct the fundamental heart wall deformation, so the 
mitral valve leaflets remain tethered. Heart wall deforaiation or remodeling may also 
progress over time, so that even with initial success in reducing regurgitation, it often 
recurs after annular reduction therapy- Moreover, in current practice, annular reduction 
procedures require putting patients on cardiopulmonary bypass (stopping the heart and 
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opening it to insert the ring while using an artificial pnnq) to bypass the heart and lungs), 
which itself conveys additional risk, detezxing surgeons from perfonning this procedure. 

Another solution is to re-shape the damaged ventricle underlying the papillary muscles by 
muscle excision, plication surgeiy, or an external compressing device. Such techniques, 
however, require open-chest exposure of the heart and often extensive surgical 
manipulation. There have been some efforts in manipulating chordal geometry to treat 
prolapse, but these have focused on increasing the tension on the chords through grabbing 
groups of chords or heat applicatioiL These methods attempt to shorten cb.ord length, an 
opposite goal of the present invention. 

Thus, what is needed is a minimally invasive therapy for ischemic MR that may not 
require cardiopulmonary bypass. 

Summary of the Invention 

The present invention provides novel devices and minimally invasive methods to treat 
atriovmtricular valve regurgitation that is a result of tethering of chordae attaching 
atrioventricular valve leaflets to muscles of the heart, such as papillary muscles and 
muscles in the heart wall, thereby restricting the closure of the leaflets. Use of a novel 
percutaneous catheter and other novel devices disclosed herein enables therapeutic 
maneuvers that do not require opening the chest or heart, however the present invention is 
not limited to percutaneous approaches. The devices and methods provided herein modify 
the connection between the valve leaflets and the heart wall. In the description that 
follows, several specific references to adjusting anterior leaflets of mitral valves appear 
that are meant in no way to be limiting. It will be readily appreciated that the present 
invention may additionally be effectively applied to chords of the tricuspid, valve and/or to 
basal and mural chords of the posterior leaflet. As used herein, the tenn "basal" is 
understood to mean chords inserting near the basal attachment of a leaflet to the heart 
a hinging region) or onto the body of a leaflet near this region, away from the free edge or 
margin of the valve. 

With reference to Figure IB, there are several critically positioned chords 11 (one shown 
in the figure) attached to the base (insertion) of the anterior mitral leaflet 4 that deform that 
leaflet to the greatest extent An effective seal requires the leaflets 4,6 to contact one 
another over an extended surface. However, the increased tension on the chords caused by 
deformation of the heart wall 12 creates a bend in the anterior leaflet so that it can barely 
meet the posterior leaflet at its tip. 

In a first embodiment, the present invention provides instruments for and methods of 
severing one or more of these basal (non-marginal) chordsll (as shown in Figure IC) to 
eliminate the bend in the anterior leaflet 4 and allow the leaflets 4,6 to assume a more 
normal configuration, with more effective closure. At the same time, the intact chords to 
the margms or free edges of the leaflets continue to prevent prolapse. This approach, 
preferably, but not exclusively, involves symmetrically cutting the two chords 11,13 of 
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the anterior leaflet 4 that are closest to the central axis 15 of the ventricle, as shown in 
Figure 2. These chords may or may not be symmetrically positioned. 

The severing process, as stated, is perfonned utilizing a novel cutting instrument that is 
positioned in a minimally invasive manner near the chord (or chords) to be.severed This 
may require use of a positioning catheter through which the cutting device is advanced. In 
various embodiments, the cutting instrument is advanced retrograde via the arterial system 
into the left ventricle, through the venous system and right atrium mto the left atrium 
across the atrial septum, directly through the wall of the heart, or percutaneously tiirough 
a small incision in the chest wail and pericardium. 

The positioning catheter includes an opening through which the cutting instrument severs 
the selected chord. For example, the end of the catheter may be open, allowing extension 
and refraction of cutting instruments, or a notch may be formed in the catheter near the 
end, allowing the cutting instrument to access the chord. In preferred embodiments, the 
notch is dimensioned and shaped so as to enable capture of a portion of the chord. In 
some configurations, the portion of chord may be grasped prior to severing by 
components of the cutting instrument. Several embodiments of tools and methods for 
grasping and/or pinioning a portion of the chord to be severed are described below. 

In certain embodiments, the end of the catheter is steerable and/or has a pre-formed bend, 
such as, for example, might be necessary to reach chords of the posterior leaflet. Any 
known approach to steering the tip of a catheter may be employed, such as, but not 
limited to, coaxial steering wires. 

The severing of the selected chord is achieved by different modalities in various 
embodiments. Options include, for example, a cutting blade having a diameter near or 
greater than the diameter of the chord to be cut, or direction of ablative optical or 
radiofrequency energy to the cutting site(s). , 

In another embodiment of the present invention, the positioning catheter is advanced to a 
position proximate the chord to be severed through an introducer catheter. The introducer 
catheter preferably includes a means for temporarily stabilizing the position of the 
positionirLg catheter, and thus the cutting instrument near the chord to be cut. 

External or internal cardiac imaging of the region of the chord and valve regurgitation may 
be employed to facilitate proper positioning of the cutting instrument and/or monitoring of 
effectiveness of the procedure. This imaging can alternatively be achieved througji the use 
of ultrasoimd, magnetic resonance or fiber optics. 

In yet another embodiment, the present invention provides devices and methods of 
treating atrioventricular valve regurgitation that involve elongating the one or more chords 
causing leaflet tethering. The embodiments described below involve attaching two nodes to 
different points along the length of chord to be elongated, and severing the chord between 
them. The nodes are coimected by an adjustable or predetermined length of artificial 



wo 2004/012583 



4 



PCT/US2003/024367 



chordal material that effectively replaces the severed section of actual chord between the 
nodes, thereby elongating the chord and the distance between the tethered leaflet and the 
papillary or ventricular wall muscle to which the leaflet is tethered. Several embodiments 
of an instrument for positioning the nodes and severing the chord are described below. 

For a better understanding of the present invention, together with other and further objects 
thereof, reference is made to the accompanying drav^gs and detailed description. 

Brief Description Of The Drawing 

The advantages of tihe present invention will be apparent in the following detailed 
description of the illustrative embodiments thereof, which is to be read in comiection with 
the accompanying drawing, wherem: 

Fig. lA is an illustration of a oross-sectional view of a heart having normal mitral 
valve geometry; 

Fig. IB is an illustration of a cross-sectional view of a heart experiencing mitral 
valve regurgitation as a result of leaflet tethering; 

Fig. IC is an illustration of a cross-sectional view of a heart having restored leaflet 
coaptation as a result of chordal severing; 

Fig. 2 is an illustration of a mitral valve showing basal and marginal chordae 
attached between the papillary muscles and anterior and posterior leaflets; 

Fig. 3 A is a photographic reproduction of an ultrasound image of a region of a heart 
mcluding the mitral valye and surrounding structures; 

Fig. 3B is a an illustration of a cross*sectional view of a heart into which has been 
inserted a positioning catheter delivering a choidal severing instrument 

Figs. 4A,4B are schematic illustrations of side views of the end of the positioning 
catheter wherein are disposed grasping and cutting mechanisms; 

Fig. 5 is a schematic illustration of a side view of a chordal severing instrument 
employing forceps-like jaws; 

Figs. 6A-6C are schematic illustrations of side views of chordal severing 
instruments employing pincer-like jaws; 

Fig. 7A is a schematic illustration of a side view of a heart into which has been 
inserted introducer and positioning catheters for stably positioning a chordal severing 
instrument; 

Fig. 7B is a schematic illustration of a port in an introducer catheter through which 
a positioning catheter is extended, and a steering mechanism for the positioning catheter; 

Figs. 8A,8B are illustrations of cross-sectional views of a heart depicting various 
catheter insertion pathways; 

Figs. 9A-9D are schematic illustrations of various views of a chordal elongation 

device. 

Detailed Description of Preferred Embodiments of the Invention 

Preferred embodiments of the present invention will now be described with reference to 
the several figures of the dmwmg. 
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As shown in Figure 3B, the present invention involves a percutaneous catheter 20 that 
may be advanced retrograde from the aorta into the outflow tract 22 of the left ventricle. 
The catheter is inserted using a standard guidewire approach (Seldinger technique), 
typically from the femoral artery in the grom. The catheter has a pre-fonned or 
maneuverable bend that brings a cuttmg instrument 25 near a chord to be severed, such as 
the basal chord 10, which is the first chord encountered by catheter 20 just below the 
outflow tract, as seen in the ultrasound image pictured in Figure 3 A. (The tip of the 
cattieter may be maneuvered, for example, usmg steering wkes passed down its length.) In 
other embodiments, more than one chord will be cut. It may be preferable in some cases to 
sever pairs (symmetric or not) of chords, botii of which are attached to the anterior leaflet, 
while in other cases attached to the posterior leaflet, and in still other cases chords from 
each leaflet may be severed. Selection of the chords to be severed dep^ds upon the 
particular valve geometry disturbance encountered. 

The instrument 25 may first grasp chord 10 to verify via cardiac unaging that the correct 
chord is being targeted. Cardiac imaging, such as, for example, ultrasound may also be 
employed to guide the catheter's insertion into the left ventricle 8 via the aorta. Such an 
approach takes advantage of the close proximity (less than 5mm) of the chordal targets to 
the left ventricular outflow tract, where such a catheter would enter the ventricular cavity. 
The approach is also simplified because, under increased tension in the conditions being 
treated, the chords to be cut have no independent motion, and translate with the heart as a 
rigid body. 

In an embodiment shown in Figure 4A, the device is a hollow cylindrical catheter 20 with 
a notch 24 before its tip. The end of the openmg is slanted at an angle of approximately at 
least 45*" to provide a feature for holding the chord 10. The chord may also be held in 
place by advancing a thin wire 30 to the catheter tip, which is either deformed previously 
or by the end of the catheter to form a curve 26 over the chord. Other deformations in the 
wire suitable to grasp the chord 10, such as sharp to orthogonal bends or V-shapes, are 
possible. This figure presents only a preferred flexible hook to avoid any potential damage 
to encoimtered structures. Other shapes may maximize chances of capturing as opposed 
to displacing the chord. 

The wire may be composed of a shape memory material such as super elastic nickel 
titanium alloy that assumes a predetermined shape automatically once the wire has been 
appropriately advanced proximate the chord. A sharp blade 28 shaped to fit into the 
notch is then advanced down the catheter to sever the chord An alternative embodiment 
uses the same raechanism to stabilize the chord, but instead of a blade, standard optical 
fibers within the catheter apply high-mtensity laser energy to sever the chord. In a further 
embodiment, radio-frequency energy, cunrently in routine use for therapeutic ablation of 
abnormal cardiac stmctures, is passed down the catheter or encircling wire 26 to 
disconnect the chord. 
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In an embodiment shown in Figure 4B, the wire 26 is advanced beyond the open catheter 
tip 27 and used to grasp the chord 10. The wire 26 may again be composed of shape 
memory elastic material and have a pre-formed shape such as the hook illustrated. The 
chord is then withdrawn iiito the hollow end of the catheter, and a blade 28, laser fiber 
optics, or radiofrequracy ablation wire advanced to sever the chord. 

With reference to Figure 5A, an additional embodiment uses a forceps-like tool to grasp 
the chord 10. The end of the catheter 20 is armed with two movable jaws 30 that grab the 
chord. The catheter is advanced to maneuver &e chord into the end of the slit 31 between 
the jaws. To stabilize the chord and allow it to be cut, a round or rectangular wire 32 is 
advanced down a side lumen of the catheter to wrap around the chord and firmly restrain it 
within the gap between the jaws. A sharp blade 28, laser fiber optics, or radioflrequency 
ablation wire is then advanced to sever the chord The blade may be advanced through a 
slit 34 that continues firom the mam catheter into the jaws where the chord is held. 

Another embodiment, shown in Figures 6A-6C, uses two curved pincer-like restraints to 
surround the chord and close over it in a circular fashion by pivoting on two hbges 70. A 
blade 28, fiber optic, or radioflrequency device is then advanced down the catheter between 
the restraints to pinion the chord and sever it. One experienced in the art will recognize 
that any of a class of forceps-like devices will be able to grasp the chord prior to its 
cutting. 

The entire class of grasping and cutting devices described above may also be maneuvered 
with the embodunent shown in Figure 7A. A stabilizing introducing catheter 18 is first 
advanced toward the left ventricular apex. The cutting catheter 20 is then passed through a 
port in the introducing catheter, either directly or through a directing aim 36 that may have 
an occlusive rubber seal. The introducing catheter 18 is stabilized by a cxirving contact 
element 19 extending beyond the catheter tip and shaped to maintain contact with the 
ventricular apex. The contact element 19 may actually comprise several elements 
composed of shape memory elastic material which, when extended firom the catheter itself, 
form curving or fined contacting elements that may contact other portions of the interior of 
the cavity. The introducing catheter 18 may then be translated along this wire to position 
the cutting catheter 20 over the portion of the chord to be cut. 

It is worth noting that the stabilizing mechanism described here is merely illustrative, as is 
its application to the positioning of the cutting instrument proximate the basal chord of the 
anterior mitral leaflet. The stabilizing mechanism is not limited to a wire or shape memory 
materials, nor is it limited to a single extendable contact element For example, some 
embodiments may employ a plurality of stabilizuig legs or telescopmg extensions to 
contact inner left ventricle at numerous points aroxmd its circumference. 

The cutting catheter may be steered toward the chord by taking advantage of the 
introducing catheter 18, as shown in Figure 7B, in which the cutting catheter passes 
witiun a cylindrical collar 42 which is steered by positioning wkes 43 to 46. A collar is 
not required, wires 43,46 may be directly connected to the cutting catheter 20. Pulling on 
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43 and releasing 44, for exaiaple, can point the catheter 20 toward the apex. These two 
wires may also be connected and spooled through the collar 42. Other catheter-steering 
mechanism known in the art are also deemed to be suitable for this pxirpose. For example, 
the cutting catheter may additionally be steered by some deflecting mechanism within the 
introducer catheter. 

Guiding the entire process requires an imaging method capable of visualizing the basal 
chords and their deformation or displacement by the grabbing device prior to their being 
cut. 

The chordae desired to be severed are readily recognized by ultrasound because they are 
thicker than the ones to the leaflet margins, as well as being virtually immobile in the 
patients being treated, and closest to the left ventricular outflow tract Ultrasound imaging 
may be performed from the chest surface, esophagus, or within Ihe heart, using an 
independent intracardiac echo (ICE) catheter (commercially available) within the adjacent 
right ventricular outflow tract, or an ultrasound transducer 40 within the left ventricle 
itself, built into the guiding catheter 18. Imaging the procedure from within the heart is 
made possible by the arrangement shown in Figure 7A. involving an introducing or guiding 
catheter 1 8 and a cutting catheter 20. This arrangement allows an imaging device 40 to be 
maneuvered within the guidmg catiaeter to provide high-resolution images of the chordal 
structures during the procedure, while also displaying the mitral leaflets and regurgitant jet. 
The imaging device can be comprised of a two-dimensional ultrasoimd matrix array, a 
magnetic resonance coil, or fiber optics for transmitting and receiving near infrared energy 
that can pass aroxmd blood cells and provide a three-dimensional visual image, as embodied 
in U.S. Patent No. 6,178,346, incorporated herein by reference. To produce a three- 
dimensional ultrasound image, a two-dimensional matrix array of piezoelectric crystals 
may be used, or a linear phased array may be rapidly rotated wilhin the transducer housing 
40 to produce a three-dimensional image. 

Based on ultrasound imaging, basal chords to the posterior leaflet (6 in Ftgure 8A) may 
also be seen to restrict leaflet motion prominently and merit attention. Leaflet motion may 
also be restricted by mural chords 33 connected to the posterior left ventricle wall 35 as 
opposed to the papillary muscle (14 in Figure 8B). These chords to the posterior leaflet 
6 can be approached by advancing an aortic catheter 20 retrograde into the left ventricle 8 
and pre-formed or steered to curve downward between the two papillary muscles, 
possibly aided by shape memory elastic material. This design brings the grasping and 
cutting device of the catheter tip close to the chords 33 insertmg on the posterior leaflet 
An imaging device 40 may be maneuvered along the catheter to guide the process. 
Alternatively, a catheter may be inserted through the venous system and right atrium into 
the left atrium 39 across the atrial septum, as shown in Figure 8B, and then maneuvered 
to engage and sever the posterior leaflet chords 33. 

This approach was first verified with excised porcine mitral valves in a physiologic 
pulsatile flow shnulator. It also effectively elimmated MR in seven sheep with functional 
MR caused acutely by inferior wall infarctions, and in seven sheep with chronic 
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infarctions. No prolapse or deleterious effects on ventricular function have been noted 
with survival for a mean of seven months (as long as 11 months) in five sheep with chordal 
cutting of two following acute inferior infarction. A leading surgeon, Dr. Tirone David of 
Toronto General Hospital, has also practiced this mellxod in nine patients without adverse 
effects and with demonstrable relief of mitral valve restriction. 

With reference to Figures 9A-9D, a further embodiment of the present invention elongates 
selected chords as opposed to severing them alone. A spticing device 58 is inserted over 
the basal chord (thinner cylindrical structure). This device includes two semi-circular jaws 
54 and a hinging mechanism 61. In the &st step of the splicing process, the jaws are 
closed around the chord. One embodiment for doing this incorporates a set of inner and 
outer co-axial cables into the hinging mechanism 61, each cable mechanically linked to one 
jaw of the splicer in a design analogous to a door hinge. Rotating the cables toward each 
other closes the device around the chord This rotation can be achieved through torque 
applied at the proximal end of the catheter, or by placing a compressed spring within the 
hinging mechanism 61 and then releasing a mechanical restraint placed on rotation of the 
cables. An alternative embodiment (shown in Figure 9B) uses two control cables 63 and 
65 rotated by two rods 62 and 64, respectively. Rotating the rods as shown closes the 
device around the chord; rotating in the opposite direction releases the device. A geared 
mechanism for rotating the control cables can achieve the same result. 

Jaws 54 close three structures around the chord: two anchoring beads or nodes 56 and a 
radiofrequency ablation coil 62. The beads or nodes 56 are connected to elongated 
segments 60 of artificial chordal material such as, for example, Gortex 
(tetrafluoroethylene), which has been used extensively in mitral valve surgery. Other 
biocompatible, non-biodegradable materials may also be employed- These chordal lengths 
are housed within recesses 58 within the device casing. Once the jaws have closed around 
the basal chord, the separated halves of each bead on either side of the chord are 
permanently attached to one another (using heat, glue, or connecting pegs), and the basal 
chord segment between them severed using radioftequency energy. Other severing means, 
such as those described above with respect to Ihe cutting device, may be used as 
alternatives to the radiofi*equency ablation. 

The jaws of Ihe device are then opened, releasing the fmal elongated chordal assembly 
shown in Figure 9D, in which the artificial chordal lengths 60, connecting the two nodes, 
elongate the formerly shorter basal chord 10. The requisite length of chordal material may 
be calculated using three-dimensional ultrasound, which reconstructs the tethering distance 
between the papillary muscle tip and the antmor mitral annulus. The difference between 
this tethmag length (increased in patients with ischemic MR) and an average normal value 
is used to calculate the necessary length of chordal elongation. Altematively, this length 
may be deteraiined empirically firom nomograms estabhshed in patients with inferior 
myocardial infarction or global left ventricle dilatation, based on ventricular dimensions 
measured by echocardiography or other imaging methods such as MRI. (The nodes may 
be made of various materials, including plastics, ceramics, or titanium.) 



wo 2004/012583 



9 



PCT/US2003/024367 



ii some embodiments the choidal lengths 60 arespoolable during the elongation process to 
idjust the distance between the nodes 56. With reference to Figure 9E, the housing 
;anying the nodes 56 is separated into two sections 71,73 that are extendable axially with 
■espect to each other in order to place the nodes 56 along chord 10 wherever desired. The 
jrtificial chord length 60 connecting the nodes is enclosed hi the housmg. As the nodes 56 
are separated via the housmg sections 71,73, chordal material is drawn through the more 
proximal section 73 from a reserve 75 that extends along the axis of the main catheter 
flirough channels 76 that extend along that catheter 69. The valve being treated is observed 
to verify the desned configuration has been attained, and then tiie elongation/spooling is 
stopped Finally, washers or some other lockiiig mechanism is employed to affix the new 
chordal lengths into place and cut the reserve 75. This process is shown in greater detail m 
Figures 9F and 9G. With reference to Figure 9F, the two displaceable sections of the 
housing 71,73 are shown to be separated, with an initial length of replacement chord 60 
between Ihem, and the continuation chordal material 75 extending through a channel in the 
proxunal head 56 and through a small groove 77 m the proximal face of housmg portion 73. 
This allows the beads to be displaced relative to each othear, and for tiie chordal material to 
increase in length between the two beads as it passes through a channel within the 
proximal bead 56. With reference to Figure 9G, the reserve chordal length 75 extending 
down the main axis of the catheter is shown passmg through channels 76. Once the 
desired chordal length is achieved, a pushing device 81 is passed down the length of these 
channels to lock the chord in place using a washer 83 that is advanced in front of the 
pushmg device 81; the end of that device then disconnects the chordal segements between 
the beads from the reserve chord 75 using radiofrequency energy or other means of 
ablation. The beads are then separated by the chordal lengths 60 that have been adjusted 
and locked mto position, as the housing is opened and tiie catheter withdrawn. 

The present invention may be practiced as adjimct to other procedures for reducmg the 
other end of the tethering mechanism that over-stretches the mitral leaflets, namely, the 
mitral annulus. This would provide a completely percutaneous approach to 
comprehensive repair of ischemic MR. 

CHher embodiments of all the above cutting or elongating devices may include within the 
catheter or device tip a mechanism for local imagmg to guide approach and verify contact 
witii the chord before it is altered. This may include an ultrasound-emitting piezoelectric 
crystal or existing technology for optical coherence tomography. Alternative embodiments 
mvolve depositing chemical compoimds on the chord that increase its susceptibility to 
laser disraption by the methods described above. Further embodiments aUow tiie chordal 
cutting or elongating devices to be mserted through the wall of the beating heart at the time 
of cardiac surgery, or percutaneously tibrough a small incision in the diaphragm and 
pericardhim, such as used for establishing a pericardial window. 

Technology for minimally invasive fiber-optic video guidance of remotely manipulated 
tools (robotic surgery) may also be used to practice tiiis method and invention in the 
beating heart without need for cardiopulmonary bypass. There may, however, be cases 
wherein &e need to visualize the process may, ultimately, require initiating percutaneous 



wo 2004/012583 



10 



PCTAJS2003/024367 



cardiopulmonary bypass (e.g., wilii balloons in the aorta and veins leading to the right side 
of the heart) and then perfusing the heart cavities with clear fluid (e.g. , saline or 
perfluorocarbons) to enable direct visual guidance with fiber optics. 

Although illustrated for the particular case of inferior nniyocardial inferction with, localized 
bulging of the LV wall, the same mitral valve deformation is present in patients with global 
LV dysfunction and dilatation, which should also be susceptible to the same therapeutic 
approach. This is particularly important in patients with global failure who are at greatest 
risk for open-heart surgery but could benefit the most from elimmation of MR and its 
superimposed volume overload in a miimnally invasive manner. 

The device of this invention can also be applied in patients with rheumatic mitral stenosis 
to promote the effectiveness of other percutaneous treatments of rheumatic mitral 
stenosis, specifically percutaneous balloon mitral valvuloplasty, which until now has been 
limited in effectiveness in patients with restrictive chordal structures. 

Finally, a similar approach can be appUed using the catheter of the present invention 
advanced through the right atrium and tricuspid valve to remedy tricuspid valve tethering 
in patients with dilated or infarcted right ventricles. This would relieve the resixlting 
tricuspid regurgitation that is deleterious to overall cardiac function and produces backflow 
of blood to the Uver and extrenaities. 

This or similar technology can also be used m other parts of the body for diagnostic or 
therapeutic purposes, for example, in laparoscopic surgery to hold and perform 
procedures on bile ducts, ureters, or other structures, as well as within the gastromtestinal 
tract itself. 

While the foregoing specification has been described with regard to certain preferred 
embodiments, and many details have been set forth for the purpose of illustration, it will 
be apparent to those skilled ha the art, that without departing from the spirit and scope of 
the invention, the invention may be subject to various modifications and additional 
embodiments, and that certain of the details described herein can be varied considerably 
without departing from the basic principles of the uivention. Such modifications and 
additional embodiments are also intended to fall within the scope and spirit of the 
invention appended claims. 

What is claimed is: 
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1. An apparatus for treating atrioventricular valve regurgitation, comprising: 

a cutting instrument for severing at least one chord attaching an atrioventricular 
leaflet to a internal cardiac muscle; and 

a positioning catheter through which the cutting instrument is positioned 
proximate the at least one chord, flie catheter including an opening through which the 
cutting instrument severs the at least one chord. 

2. The apparatus of claim 1, wherein the cutting instrument comprises a blade having a 
cutting edge diameter approximating the diameter of the at least one chord. 

3. The apparatus of claim 1, wherein the cutting instrument comprises an optical fiber 
for delivering ablative laser energy. 

4. The apparatus of claim 1, wherein the cutting instrument comprises a ladiofrequency 
electrode. 

5. The apparatus of claim 1, wherein the catheter has a curved end suitable to allow 
engagement of chords attached to a posterior leaflet 

6. The apparatus of claim 1, wherein the catheter includes a steerable tip. 

7. The apparatus of claim 6, wherein the catheter further comprises coaxial steering wires 
for steering the catheter tip . 

8. The apparatus of claim 1, wherein the cutting instrument is reversibly extendahle 
through the opening, the opening being located at the end of the catheter proximate the 
at least one chord. 

9. The apparatus of claim 1, wherein the opening comprises a notch in the catheter 
having a cross-sectional notch area greater than the cross-sectional area of the at least 
one chord. 

10. The apparatus of claim 9, wherein the notch includes at least one protruding edge 
defming a portion of the notch for limitmg motion of the at least one chord when 
positioned within the notch. 

1 1. The apparatus of claim 1, wherein &e cutting instrument &rther comprises a means 
for grasping the at least one chord 

12. The apparatus of claim 11, wherein the means comprises a wire having a deformed end 
for partially encompassing the at least one chord. 

13. The apparatus of claim 12, wherein the wire is composed of a shape memory material 
that deforms at or near body temperature. 
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14. The apparatus of claim 11, wherein the grasping means is reversibly extendable 
through the opening, the opening bemg located at the end of the catheter proximate the 
at least one chord, so as to retract a grasped chord toward the opening. 

1 5. The apparatus of claim 1, further comprising a pair of operable jaws disposed at the 
end of the positioning catheter proximate the at least one chord for grasping the at 
least one chord 

1 6. The apparatus of claim 1, further comprising a pair of pivoting pincers disposed at the 
end of the positioning catheter proximate the at least one chord for pinioning the at 
least one chord m a closed position. 

1 7. The apparatus of claim 1 , further comprising an introducer catheter for advancing the 
positioning catheter toward the at least one chord. 

1 8. The apparatus of claim 17, wherein the introducer catheter ftirther comprises a 
directing arm through which the positiomng catheter is maneuvered to the position 
proximate the at least one chord. 

1 9 . The apparatus of claim 1 7, wherein the introducer catheter fuither comprises a means 
for temporarily stabilizing the position of the introducer catheter within the LV. 

20. The apparatus of claim 19, wherein the stabilization means comprises: 

one or more contact elements reversibly extendable from the introducer 
catheter so as to contact an intemal surface of the heart cavity at one or more points. 

2 1 . The apparatus of claim 20, wherein the contact element is composed of a shape 
memory elastic material that assimaes the shape desired upon extension firom the 
introducer catheter. 

22. The apparatus of claim 17, further comprising an ultrasound transducer for imaging a 
region proximate the at least one chord located on the introducer catheter. 

23. The apparatus of claim 17, 

wherein the positioning catheter protrudes from within the introducer catheter 
through an opening in the introducer catheter; and 

further comprising a plurality of positioning wires sintiilarly disposed within 
and protruding from the introducer catheter, the positioning wires attached to the 
positiomng catheter so as to enable steering of the end of the positioning catheter by 
selectively tensioning on one or more of the wires. 

24. The apparatus of claim 17, wherein the iatroducer catheter further comprises an 
imaging device oriented so as to image a region near the mitral valve including the at 
least one chord 
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25. The ^paratus of claim 24, wherein the imaging device is comprised of a imager 
selected from the group consisting of: a two-dimensional matrix array of piezoelectric 
crystals^ a linear phased array and means for rotating the array within the catheter so 
as to produce a three-dimensional image, a magnetic resonance coil, and fiber optics for 
transmitting and receiving near infimed energy. 

26. Method of treating atrioventricular valve regurgitation related to restricted leaflet 
closure by leaflet tethering, comprising the step of: 

percutaneously severing at least one chord attaching an atrioventricular leaflet 
to an internal cardiac muscle. 

27. Themethodof claim 26, further comprising step of: 

grasping the at least one chord prior to severing. 

28. The method of claim 26, wherein the at least one chord is a basal chord. 

29. The method of claim 26, wherein the at least one chord comprises two chords, 
wherein a first one of the chords attaches to an anterior leaflet, and a second one of the 
chords attaches to a posterior leaflet. 

30. The method of claim 26, wherein the at least one chord comprises a pair of chords. 

31 . The method of claim 30, wherein the pair of chords comprises two chords of an 
anterior leaflet closest to the central axis of the ventricle, 

32. The method of claim 26, further comprising the step of: 

positioning a cutting device proximate the at least one chord via a catheter. 

33. The method of claim 32, wherein the positioning step includes advancing the cutting 
device via a pathway selected from the group consisting of: retrograde via the aterial 
system into the left ventricle, through the venous system and right atrium into the left 
atrium across the atrial septum, directly through a wall of the heart, and 
percutaneously through a small incision in the chest ^all and pericardium. 

34. The method of claim 32, wherein the advancing step is assisted through the 
percutaneous use of robotic tools. 

35. The method of claim 26, furflier comprising steps of: 

itnaging a cardiac region including the at least one chord prior to and during the 
severing process. 

36. The method of claim 35, wherein the imaging comprises transducing ultrasound en^gy 
to the region. 
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37. The method of claim 36, wherein the ultrasound energy is transduced from tibie chest 
surface, esophagus, or within the heart. 

38; The method of claim 37, wherein the ultrasound energy transduced from within the 
heart is provided by an ultrasound traosducer positioned proximate the at least one 
chord 

39. The method of claim 35, wherein the imaging comprises optically imaging the region 
through one or more optical fibers. 

40. The method of claim 35, wherein an ultrasound transducer is similarly positioned 
proximate the at least one chord. 

41. An apparatus for treating atrioventricular valve regurgitation, comprising: 

an instrument for elongating at least one chord attaching an atrioventricular 
leaflet to a internal cardiac muscle; and 

a means for delivering the instrument proximate the at least one chord. 

42. The apparatus of claim 41 , wherein the instrument further comprises: 

two nodes; 

at least one length of artificial chordal material connecting the tivo nodes; 
means for affixing each node at a respective predetermined position along the 
at least one chord; and 

means for severing a segment of the at least one chord between the two affixed 

nodes. 

43. The apparatus of claim 41, further comprising means for adjusting tiie at least one 
length of artificial chordal material. 

44. The apparatus of claim 42, wherein the means for severing comprises a means selected 
from the group consisting of radiofirequency electrode(s), blades, or optical fibers 
dehvering ablative laser energy. 

45 . The apparatus of claim 42, wrherein each node comprises: 

a first mateable part and a second mateable part, each part havmg a recess for 
receiving a portion of the at least one chord; 

wherein the means for affixing each node comprises a mechanism for attaching 
the first mateable part to the second mateable part selected from the group consisting 
of an adhesive applied to surfaces of the mateable parts, a plurality of connecting 
pegs and holes disposed at corresponding locations on the mateable parts, and a 
heatmg element to anneal together the mateable parts. 

46. The apparatus of claim 41 , v^herein: 

the instrument further comprises two nodes, each node comprised of two 
mateable parts each having a recess for receiving a portion of the at least one chord, at 
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least one predetennined length of artificial chordal material connecting the two nodes, 
means for affixing each node at a respective predetennined position along the at least 
one chord, and means for severing a segment of the at least one chord between the two 
affixed nodes, and wherein each node; and 
the delivering means comprises: 

two jaws, each jaw housing a corresponding one of the two mateable 
parts of each node and at least one of the jaws housing the at least one 
predetermined length of artificial chordal material, 

a controllable hinge mechanism firom which the two jaws pivot, and 
a catheter through which the jaws, controllable hinge mechanism and 
instrument are advanced to a position proximate the at least one chord. 

47. A method for treating atrioventricular valve regurgitation related to restricted leaflet 
closure by leaflet tethering, comprismg the steps of: 

elongating at least one chord attaching an atrioventricular valve leaflet to an 
internal cardiac muscle. 

48. The method of claim 47, wherein the elongating step further comprises the steps of 

delivering two nodes to position proximate the least one chord, the nodes being 
connected to each other by a length of artificial chordal material; 
securing the two nodes to tiie at least one chord; and 
severing the at least one chord at a position between the two nodes. 

49. The method of claun 48, further comprismg the step of adjusting the length of artificial 
chordal material. 

50. The method of claim 48, wherein the severing step further comprises applying 
radiofirequency energy to the at least one chord between the two nodes. 

51. The method of claim 48, wherein the step of securing each node further comprises the 
steps of: 

enclosing a portion of the at least one chord between a first mateable part and a 
second mateable part of each node; and 

adhering the first part to the second part of each node, 

52. The method of claim 5 1 , wherein the adhering step comprises applying heat to anneal 
the surfaces of the mateable parts of each node. 

53. The method of claim 51, wherein the adhering step comprises curing an adhesive 
apphed to the surfaces of the mateable parts of each node. 

54. The method of claim 5 1, wherein the adhering step comprises pressing the two 
mateable parts of each node together so as to interconnect pegs and holes at 
corresponding locations on each surfiace of the mateable parts, 



wo 2004/012583 



16 



PCT/US2003/024367 



55. The method of claim 47, wherein the delivering step further comprises the steps of: 
advancing a hinged housing containing the two nodes through an introducer 
catheter by an approach selected jfrom the list consisting of: retrograde via the aterial 
system into the left ventricle, through the venous system and right atrium into the left 
atrium across the atrial septum, directly through a wall of the heart, and 
percutaneously through a small incision in the chest wall and pericardium. 



wo 2004/012583 PCT/US2003/024367 

1/10 




wo 2004/012583 



2/10 



PCT/US2003/024367 




wo 2004/012583 



3/10 



PCTAJS2003/024367 




wo 2004/012583 



PCT/US2003/024367 



4/10 




wo 2004/012583 



PCTAJS2003/024367 



5/10 




jj. 



CQ 
CO 

• MM 

LL 



O 
CO 

d) 

LL 



wo 2004/012583 



PCT/US2003/024367 



6/10 




wo 2004/012583 



PCTAJS2003/024367 



7/10 




wo 2004/012583 



PCT/US2003/024367 




wo 2004/012583 PCT/US2003/024367 

9/10 




wo 2004/012583 



PCTAJS2003/024367 



10/10 




This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defect^n the images include but are not limited to the items checked: 

BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 
/BLURRED OR ILLEGIBLE TEXT OR DRAWING 

Z WED/SLANTED IMAGES 
OR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



\g/BL 



